Introduction {#s1}
============

Lactic acid bacteria (LAB) show antagonistic actions against spoilage and pathogenic organisms because they produce organic acids, fatty acids, hydrogen peroxide, diacetyl, and substances endowed with antibiotic activity ([@r030]). LAB also produce antimicrobial substances such as bacteriocins, which are generally defined as ribosomally synthesized peptides or proteins with bactericidal actions that often target bacterial species closely related to the producer strain ([@r024]). These compounds have attracted great interest because of their potential use as food preservatives, therapeutic agents against Gram positive bacteria and several viruses, and importance in modifying gut microflora ([@r008]; [@r014]; [@r024]; [@r035]). Nevertheless, little is known about the bacteriocin-producing intestinal LAB induced animal sources ([@r010]; [@r036]).

*Clostridium perfringens* (*C. perfringens*) is widely distributed in the environment, food and intestine as the normal gut flora in humans and animals ([@r038]). This microorganism forms additional toxins that have been proposed to be important for the pathogenesis of intestinal disorders. This microorganism causes problems such as gas gangrene, phlegmon and food poisoning in humans, as well as fatal enterotoxaemia in various animals ([@r041]). Although this pathogen can be controlled through hygienic methods and antimicrobial agents, the rise of multiple antibiotic drugs has created concerns regarding the possibility of antibiotic residues, development of antibiotic-resistant bacteria, imbalance of beneficial normal gut flora, and a reduction in the ability to cure bacterial infections in humans and animals ([@r022]).

Therefore, in this study, we attempted to isolate and characterize bacteriocin-producing bacteria with antagonistic activities against *C. perfringens* from domestic animals and to develop a potential candidate for probiotic use in domestic animals as an alternative to antibiotics.

Material and Methods {#s2}
====================

Bacterial strains and culture condition {#s2a}
---------------------------------------

*Enterococcus faecalis* (*E. faecalis*) AP 110, AP 216, AP 44, AP 45, AP 47 and AP 51 strains were isolated from the feces of pigs and maintained at −70℃ in MRS broth (Difco Laboratories, Detroit, MI, USA) containing 50% glycerol. Indicator microorganisms used in this study were obtained from the Korean Collection for Type Culture (KCTC), Korean Culture Center of Microorganisms (KC CM) and our collection from domestic animals for further studies ([Table 1](#t001){ref-type="table"}). The organism was propagated in appropriate media such as BHI or MRS broth.

###### Antimicrobial spectrum of the selected *Enterococcus faecalis* strains isolated from the intestine of pigs against various indicator organisms

  Indicator organisms                      *Enterococcus faecalis* AP                       
  ---------------------------------------- ---------------------------- ---- ---- ---- ---- ----
  *Bacillus cereus* KCTC 1012              −                            −    −    −    −    −
  *Clostridium perfringens* KCTC 3269      \+                           \+   \+   \+   \+   \+
  *Clostridium perfringens* KCTC 5100      \+                           −    \+   \+   \+   −
  *Enterococcus faecalis* KCTC 2011        −                            −    −    \+   −    −
  *Enterococcus faecium* KCTC 3122         −                            −    −    −    −    −
  *Enterococcus durans* KCTC 3121          −                            −    −    −    −    −
  *Escherichia coli* KCTC 1682             −                            −    −    −    −    −
  *Klebsiella pneumoniae* KCTC 2208        −                            −    −    −    −    −
  *Lactobacillus brevis* KCTC 3498         −                            −    −    \+   −    −
  *Lactobacillus casei* KCTC 3110          −                            −    −    −    −    −
  *Lactobacillus delbruekii* KCTC 1047     −                            −    −    \+   −    −
  *Lactobacillus fermentum* KCTC 3112      −                            −    −    −    −    −
  *Lactobacillus plantarum* KCTC 3108      −                            −    −    \+   −    −
  *Leuconostoc mesenteroides* KCTC 3505    −                            −    −    −    −    −
  *Listeria monocytogenes* KCTC 3569       \+                           \+   \+   \+   \+   −
  *Listeria monocytogenes* KCTC 3586       \+                           \+   \+   \+   \+   −
  *Listeria monocytogenes* KCTC 3710       \+                           \+   \+   \+   \+   −
  *Pediococcus acidilactici* KCTC 1626     −                            −    −    −    −    −
  *Proteus mirabillis* KCTC 2565           −                            −    −    −    −    −
  *Pseudomonas aeruginosa* KCTC 1750       −                            −    −    −    −    −
  *Salmonella Enteritidis* KCCM 12021      −                            −    −    −    −    −
  *Salmonella Typhimurium* KCTC 2515       −                            −    −    −    −    −
  *Staphylococcus aureus* KCTC 1621        −                            −    −    −    −    −
  *Staphylococcus intermedius* KCTC 3344   −                            −    −    −    −    −
  *Streptococcus mutans* KCTC 3300         −                            −    −    −    −    −

Isolation of LAB from the feces of pigs {#s2b}
---------------------------------------

Feces obtained from slaughterhouses and farms were put into transport anaerobic medium (BHI broth; brain heart infusion 37.0 g, yeast extract 5.0 g, 0.1% resazurin 1.0 mL, 0.1% hemin 1.0 mL, and agar 0.7 g per L) that was replaced with O~2~-free CO~2~ gas and transported immediately to a laboratory. The samples were then serially diluted ten-fold with sterile diluent A (KH~2~PO~4~ 0.5 g, Na~2~ HPO~4~ 6.0 g, L-cysteine HCl 0.5 g, Tween 80 0.5 g, and agar 1.0 g per L) plated on BHI or MRS agar and incubated at 37℃ for 48 h under anaerobic conditions in an anaerobic steel wool jar filled with O~2~-free CO~2~ gas ([@r028]; [@r032]). After incubation, approximately twenty colonies per sample were randomly selected with sterilized toothpicks and inoculated into 1 mL BHI or MRS broth in an Eppendorf tube. The isolates were subsequently grown overnight at 37℃, after which 3 μL of culture broth were spotted on BHI agar, which were closely streaked of an overnight culture of *C. perfringens* KCTC 3269 (at a level of about 1.0×10^7^ CFU/mL) using a sterile cotton swap ([@r040]). After incubation for 24 h, colonies with a clear inhibition zone were further examined for the production of bacteriocin.

Detection of bacteriocin-producing bacteria and spectrum of antimicrobial activity {#s2c}
----------------------------------------------------------------------------------

Cells were pelleted by centrifugation (7000 *g* for 10 min), after which the supernatants were adjusted to pH 6.5 with 1 N NaOH, filtered through 0.2 μm pore size membrane filters, and used to detect antagonistic activity against indicator organisms according to the spot-on-lawn method ([@r027]). The supernatants were serially diluted, and 10 μL aliquots of samples were spotted onto the surface of soft BHI or MRS agar (0.7%) seeded with an overnight culture of an indicator strain. In the case of *Clostridium* spp., an overnight culture was closely streaked onto the surface of BHI agar using a sterile cotton swab ([@r040]). Following incubation for 24 h at an appropriate temperature, the plates were checked for inhibition zones. Bacteriocin activity was expressed in terms of arbitrary units per mL (AU/ mL), which was defined as the highest dilution showing definite inhibition of the indicator lawn.

Identification of bacterial strains {#s2d}
-----------------------------------

To identify bacteriocin-producing stains, the morphological and biochemical properties of each isolate were characterized according to Bergey's manual ([@r021]). Gram staining, cell morphology, catalase activity, salt tolerance, gas production, growth temperature range, and biochemical carbohydrate fermentation patterns were assessed using an API 20E kit (Biomérieux, France). The 16S rRNA was sequenced using a Big Dye terminator cycle sequencing kit (Applied BioSystems, USA), and sequences were resolved on an automated RNA sequencing system (Applied BioSystems model 3730XL, USA). The 16S rRNA sequence of each strain was aligned to the 16S rRNA gene sequence of LAB and other related taxa to compare the levels of similarity.

Growth curve and bacteriocin production in BHI medium {#s2e}
-----------------------------------------------------

The growth curve and bacteriocin production were investigated in BHI medium. Finally, selected strains (*E. faecalis* AP 216 and AP 45) were incubated in 200 mL BHI broth. Temperature was maintained at 37℃ and the pH was not controlled. Samples were taken at 2 h intervals to measure cell counts and bacteriocin activity. Viable cell counts were determined by the spread plate method on BHI agar, and bacteriocin activities against *C. perfringens* KCTC 3269 were tested by the spot-on-lawn assay ([@r040]).

Preparation of cell-free supernatants {#s2f}
-------------------------------------

Cell-culture broth was centrifuged at 10,000 *g* for 10 min at 4℃, after which the supernatant was adjusted to pH 6.5 with 5 N NaOH or 6 N HCl and filter-sterilized through 0.2 μm pore size membrane filters.

Effects of heat, pH and enzymes on bacteriocin activity {#s2g}
-------------------------------------------------------

The effects of heat, pH and enzymes on the activities of partially purified bacteriocin were examined as described by [@r025]. Briefly, supernatants were treated with various enzymes at a final concentration of 1 mg/mL. All enzymes (proteinase K, protease type XIV, pepsin, trypsin, α-amylase, β-amylase, and catalase) were dissolved in buffers recommended by the supplier (Sigma Chemical Co., USA). Mixtures were incubated at 30℃ for 1 h and then heated at 80℃ for 10 min to inactivate the enzymes. Cell-free supernatants were heated for 30 min at 60℃ or 90℃, or at 121℃ for 15 min, after which residual bacteriocin activity against *C. perfringens* KCTC 3269 was determined by the spot-on-lawn assay ([@r040]). To investigate the effects of pH on antimicrobial stability, the pH of the supernatants was adjusted to between 2 and 10 with either 1 N HCl or 1 N NaOH and then incubated at 30℃ for 1 h.

Survival and growth at low pH and in the presence of various concentrations of bile salts and temperatures {#s2h}
----------------------------------------------------------------------------------------------------------

Acid and bile salt tolerance were tested as described by [@r036]. To test acid and heat tolerance, overnight cultures in BHI medium of four selected strains were harvested at 3,000 *g* for 10 min at 4℃ and then washed twice with 50 mM phosphate buffer, after which they were resuspended in 20 mL of the same buffer and the final pH was adjusted to 2.0, 2.3, 2.5, 3.0, 4.0, 5.0, 6.0 and 7.0. The suspensions were then incubated at 37℃ for 2 h, after which the viable cell counts were determined by the spread plate method on BHI agar. For the heat tolerance test, selected strains were exposed to 50℃, 60℃, 70℃, 80℃ or 90℃ for 30 min, after which the suspensions were properly diluted and the viable cell counts were determined by the spread plate method on BHI agar. Bile tolerance was determined by spreading the cells on BHI agar plates containing oxgall bile (0, 0.05, 0.1, 0.3 and 0.5%, respectively). Plates were incubated at 37℃ for 48 h, after which the viable cell counts were determined.

Results {#s3}
=======

Isolation and identification of bacteriocin-producing bacteria {#s3a}
--------------------------------------------------------------

A total of 1,370 strains were isolated from pig feces, 354 of which showed inhibitory activity in the first screening step (data not shown). Cell-free supernatants of these isolates were neutralized with 1 N NaOH to eliminate the effects of organic acids, and the inhibition test against indicator organisms was conducted according to the spot-on-lawn method. Six strains were tentatively selected as anti-*Clostridium perfringens* substance-producing candidates, each of which exhibited slightly different antimicrobial activities against the indicator, *C. perfringens* KC TC 3269 and KCTC 5100. The strains were characterized as Gram-positive, catalase-negative, facultative anaerobic cocci-shaped bacteria ([Fig. 1](#f001){ref-type="fig"}). Based on comparisons of their characteristics with Bergey's manual and the results of an API test (data not shown), the isolates were classified as *E. faecalis* AP 110, AP 216, AP 44, AP 45, AP 47 and AP 51. The six selected strains were identified as *E. faecalis* by 16s rRNA sequencing.

![Scanning electron microscopic abservation of the *Enterococcus faecalis* AP 216 (×15,000).](kosfa-34-614-f001){#f001}

Spectrum of antimicrobial activity {#s3b}
----------------------------------

The cell-free supernatants were tested for their antimicrobial activities against various Gram-positive and Gramnegative bacteria using the spot-on-lawn method ([Table 1](#t001){ref-type="table"}). All selected strains showed relatively strong inhibitory activity against the growth of *C. perfringens* and *Listeria monocytogenes* (*L. monocytogenes*) when compared to other indicators. Additionally, *E. faecalis* AP 45 exhibited antagonistic activities against *C. perfringens*, the field isolate from domestic animals (data not shown). Particularly, *E. faecalis* AP 45 demonstrated a relatively broad spectrum of activity against *C. perfringens* KCTC 3269 and KCTC 5100, *E. faecalis* KCTC 2011, *L. brevis* KCTC 3498, *L. delbruekii* KCTC 1047, *L. plantarum* KCTC 3108 and *L. monocytogenes* KCTC 3569, KCTC 3586 and KC TC 3710 based on the spot-on-lawn method. However, they did not inhibit the growth of the Gram-negative bacteria such as *Escherichia coli*, *Pseudomonas aeruginosa*, and *Salmonella* Typhimurium ([Table 1](#t001){ref-type="table"}).

Cell growth and bacteriocin production {#s3c}
--------------------------------------

The bacteriocin production of *E. faecalis* AP 216 and AP 45 in standard cultures was detected during the exponential phase of growth, and reached maximum levels (800 and 3200 AU/mL, respectively) in the stationary phase. In addition, the bacteriocin titer decreased markedly with further incubation, with no bacteriocin detected in culture supernatants at the end of the incubation period ([Fig. 2](#f002){ref-type="fig"}).

![**Cell growth and bacteriocin production of *Enterococcus faecalis* AP 216 (a) and *Enterococcus faecalis* AP 45 (b) in BHI broth.** ○, viable cell count; ▲ , bacteriocin activity.](kosfa-34-614-f002){#f002}

Effect of enzyme, heat treatment, and pH on bacteriocin activity {#s3d}
----------------------------------------------------------------

Anti-*Clostridium perfringens* activities of cell-free supernatants of *E. faecalis* AP 216 and AP 45 were completely inactivated by at least one of proteinase K, protease XIV, pepsin, or trypsin, but they were not completely inactivated by treatment with α-amylase, β-amylase, or catalase ([Table 2](#t002){ref-type="table"}). The bacteriocins of *E. faecalis* AP 216 strains were highly thermostable, maintaining anticlostridial activities even after incubation at 121℃ for 15 min, but the inhibitory activities of *E. faecalis* AP 45 were diminished when incubated at 60℃ or 90℃ for 30 min and at 121℃ for 15 min. Very small or no significant decreases in the anticlostridial activities of the filtrates from selected strains were observed when they were adjusted from pH 2.0 to 10.0 for 1 h compared to the untreated filtrates.

###### Effect of enzymes, heat and pH on the activity of the cell-free supernatants produced by *Enterococcus faecalis* AP 216 and AP 45

  Treatment      Relative antimicrobial activity (%)         
  -------------- ------------------------------------- ----- ----
  Enzyme         Proteinase K                          0     50
  Protease XIV   0                                     25    
  Pepsin         25                                    0     
  Trypsin        0                                     0     
  α-Amylase      50                                    25    
  α-Amylase      50                                    25    
  Catalase       100                                   100   

Acid, bile, and heat tolerance {#s3e}
------------------------------

The acid tolerance study showed that *E. faecalis* AP 216 and AP 45 strains were stable at pH 3.0, although their viable cell number decreased after incubation at pH 2.3 and pH 2.5 for 2 h, respectively ([Fig. 3](#f003){ref-type="fig"}). In contrast to acid tolerance, *E. faecalis* AP 216 and AP 45 were stable following exposure to bile salt at up to 0.5% for 48 h. To understand the influences of the thermal processing of feed containing bacteriocin-producing bacteria, preliminary examinations for heat resistance were carried out using the isolates. Two strains survived at 60℃ for 30 min.

![Acid tolerance (a), bile salt resistance (b), and heat resistance (c) of the *Enterococcus faecalis* AP 216 and AP 45.](kosfa-34-614-f003){#f003}

Discussion {#s4}
==========

The presence of *C. perfringens* in animals has been linked to increased incidence of bovine enterotoxaemia, diarrhea in piglets and sheep, and intestinal disorders such as necrotic enteritis in chickens ([@r004]; [@r013]; [@r020]; [@r023]; [@r026]). Bacteriocin from Gram-positive microorganisms such as LAB has been subjected to intensive investigation in recent years because of the utility of biopreservatives or bioregulators and antibiotic resistance in pathogenic microorganisms such as *C. perfringens* ([@r016]; [@r033]). In the present study, 1370 strains were isolated from the feces of domestic animals, and six *E. faecalis* strains were selected after determining that their anti-*Clostridium perfringens* activities were mediated through bacteriocin production.

Generally, most *Enterococcal* bacteriocin displays bacteriocidal effects ([@r011]; [@r037]). Previous studies have shown that *Lactobacillus rhamnosus* ([@r002]), *Lactobacillus plantarum* ([@r034]; [@r042]), *Lactococcus lactis* subsp. *lactis* ([@r018]), and *Pediococcus pentosaceus* ([@r015]) are bactericidal for *Clostridium* spp. Additionally, we previously reported that bacteriocin-producing *Bacillus* strains isolated from domestic animals exhibited inhibitory activity against *C. perfringens* ([@r017]). In this study, six selected *E. faecalis* strains were shown to exhibit various degrees of antimicrobial activity against indicator organisms. The results of the present study demonstrate anti-*Clostridium perfringens* bacteriocin production by *E. faecalis* for the first time. In addition, the bacteriocin of *E. faecalis* AP 45 was also inhibitory toward *E. faecalis*, *L. brevis*, *L. delbrueki*, *L. plantarum* and *L. monocytogenes*. However, it did not inhibit the growth of Gram-negative bacteria such as *E. coli*, *P. aeruginosa*, and *S*. Typhimurium.

The antimicrobial activity of bacteriocins produced by the two selected strains, *E. faecalis* AP 45 and AP 216, dramatically decreased at 36-48 h during prolonged fermentation. This pattern has been observed for other LAB bacteriocins ([@r001]; [@r007]). Bacteriocins are often produced during the growth phase and then lost due to proteolytic degradation, protein aggregation, and adsorption by cells ([@r001]; [@r009]; [@r031]). Additionally, most authors have noted that good cell growth frequently goes hand in hand with bacteriocin production ([@r005]; [@r009]).

The effects of various enzymes on the supernatants of *E. faecalis* AP 45 and AP 216 were carefully investigated. As shown in [Table 2](#t002){ref-type="table"}, the antimicrobial activity of *E. faecalis* AP 216 and AP 45 were completely inactivated in response to at least one of proteinase K, protease XIV, pepsin, or trypsin, indicating that the antimicrobial substance has a proteinaceous property that can be classified as a bacteriocin. Similar to the reported stability of bacteriocins from *E. faecalis* and *Pediococcus acidilactici* ([@r003]; [@r012]), bacteriocins of the selected strains were stable in the presence of various pHs. Furthermore, their stabilities did not decrease significantly as the pH increased to 10. Heat stability is very important for industrial applications such as manufacturing of animal feed. Because the two strains showed antimicrobial activities with heat stable bacteriocin, they can be used in feed manufacturing.

For probiotic application, it is important to select strains with high colony forming capacity, acid and bile resistance, inhibitory activity against pathogenic microorganisms and the ability to effectively regulate normal flora in the gastrointestinal tract ([@r006]; [@r029]). Selected strains exhibited resistance to 0.5% bile salts and remained viable after 30 min at pH 3.0.

In the present study, we screened bacteriocin-producing *E. faecalis* strains for antagonistic activities against *C. perfringens* and finally selected *E. faecalis* AP 216 and AP 45 strain based on probiotic selection criteria such as antimicrobial activity against *C. perfringens* and tolerance to acid and bile salts. These bacteriocin-producing bacteria and/or bacteriocins can be used as probiotics as an alternative to antibiotics in the livestock industry.
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